Many infectious diseases are thought to have emerged in humans after the Neolithic revolution.
spill-over from cattle to humans, although the directionality of this cross-species transmission event has never been formally established (supplementary text S1, 6).
It is unclear when measles first became endemic in human populations, but assuming an origin in cattle, the earliest possible date of MeV emergence is defined by the MeV-RPV divergence time.
Several studies have provided estimates for this date using molecular clock analyses (7) (8) (9) (10) , with the most reliable (and oldest) estimate falling at the end of the 9 th century CE (mean: 899 CE; 95% highest posterior density (HPD) interval: 597 -1144 CE) (8) . Here, we reassess the MeV-RPV divergence time using advanced, selection-aware Bayesian molecular clock modelling (11) on a dataset of heterochronous MeV genomes including the oldest human RNA virus genome sequenced to date. We show that a considerably earlier emergence during Antiquity can no longer be excluded.
Our re-examination was prompted by the broadly accepted view that molecular dating based on tip date calibration, i.e. the method used in previous efforts to estimate the timing of MeV-RPV divergence, underestimates deep divergence times (8) . Rapid short-term substitution rates captured by tip calibration can often not be applied over long evolutionary timescales, because of the effects of long-term purifying selection and substitution saturation. This causes a discrepancy between short-and long-term substitution rates, which is referred to as the time-dependent rate phenomenon (TDRP; 12, 13) . Since measurement timescales matter, a first step to arrive at accurate estimates is to maximize the time depth of tip calibration, for example through the use of ancient viral sequences (14, 15) .
RNA tends to be much less stable in the environment than DNA, making the recovery of MeV genetic material from archeological remains unlikely (16, 17) . Pathology collections represent a more realistic source of MeV sequences that predate the oldest MeV genomethe genome of the Edmonston strain that was isolated in 1954 and attenuated to become the first measles vaccine.
We examined a collection of lung specimens gathered by Rudolf Virchow and his successors between the 1870s and 1930s and preserved by the Berlin Museum of Medical History at the Charité (Berlin, Germany), and identified a 1912 case diagnosed with fatal measles-related bronchopneumonia ( Fig. 1, fig. S1 , supplementary texts S2 and S3). To retrieve MeV genetic material from this specimen, we first heat treated 200mg of the formalin-fixed lung tissue to reverse macromolecule cross-links induced by formalin and subsequently performed nucleic acid extraction (18). Following DNase treatment and ribosomal RNA depletion, we built highthroughput sequencing libraries and shotgun sequenced them on Illumina® platforms. We generated 27,328,219 reads, of which 0.46% were mapped to MeV genome, representing 10,960 unique MeV reads. These allowed us to reconstruct an almost complete 1912 MeV genome:
15,257 of the 15,894 nucleotides in the MeV strain Edmonston (AF266288) were covered by at least 3 unique reads (11, 988 nucleotides by at least 20 reads; mean coverage 54x).
In addition to the 1912 genome and the 1954 Edmonston genome, only 2 genomes have been determined from MeV isolated prior to 1990 (Mvi/Lyon.FRA/77: HM562899; T11wild: AB481087). We therefore searched the strain collection of the German National Reference Laboratory (Robert Koch Institute, Berlin, Germany) for pre-1990 isolates. We found two strains from the pre-vaccine era isolated in 1960 by the National Reference Laboratory of former Czechoslovakia in Prague (MVi/Prague.CZE/60/1 and MVi/Prague.CZE/60/2; 19). We performed serial passages of these strains and determined their genome sequences at a mean coverage of 109x and 70x, respectively. The two genomes were nearly identical, differing at only four sites. represented the known genetic diversity of these viruses. This dataset was used to infer a timescaled evolutionary history for these three species in a Bayesian phylogenetic framework. We constructed a series of evolutionary models with increasing degree of complexity to accommodate various sources of rate heterogeneity. Models ranged from a standard codon substitution model with a strict molecular clock assumption to a codon substitution model with time-varying selection pressure combined with a clade-specific rate for PPRV and additional branch-specific random effects on the substitution rate. Adequately accommodating different sources of rate heterogeneity is known to provide a better correction for multiple hits in genetic distance estimation and the potential of codon substitution modelling in recovering deep viral divergence has specifically been demonstrated (8) . This was reflected in the increasingly older estimates of MeV-RPV and PPRV-MeV-RPV divergence times and wider 95% highest posterior density intervals in increasingly complex models ( Fig. 2 and table S2 ). Parameter estimates of the substitution and clock models also provided evidence for a significant contribution of these different sources of rate heterogeneity to model fit improvement (table S2, 
